Over the last 50 years, large amounts of some estrogenic man-made chemicals have been released into the environment (1). These chemicals include classical environmental estrogens, such as o,p'-DDT and its metabolites, methoxychlor, and many of the polychlorinated biphenyls (PCBs).
More recently, chemicals originating from the plastics and detergent industries, such as alkylphenols (2, 3) and bisphenol-A (4), have been discovered to be estrogenic. Evidence suggests that in many instances the presence of these chemicals has had deleterious effects on exposed wildlife populations (5, 6) . Estrogens influence many developmental and physiological responses in target cells by regulating the activity of specific genes. Their action is mediated by a soluble intracellular receptor that functions as a transcription factor (7) . Estrogens have been shown to have multiple sites of activity and exert biological actions on the reproductive tract and the mammary gland. They also influence the neuroendocrine system (8) and have skeletal effects (9, 10) . Untimely exposure to natural or synthetic estrogens can adversely affect human health, particularly with regard to the reproductive cycle and reproductive function. In addition to decreased sperm counts in men and increased incidence of disorders of the male reproductive tract (11, 12) , recent epidemiological studies suggest that cumulative exposure to estrogenic chemicals is related to the incidence of reproductive cancers (13) . As many of the estrogenic xenobiotics discovered to date have an anthropogenic source, the highest concentrations would be expected to occur near urbanized or industrial areas. Sewage is considered to be a major input source of organic contaminants into the environment. The release of liquid effluents into the rivers and oceans, the disposal of dry sludge onto the land, and the release of volatile organics into the atmosphere all contribute to this source of pollution. This fact, coupled with the report that sewage effluents are estrogenic (14) , increases the possibility that there may be other estrogenic chemicals in the environment not yet discovered.
Extensive information exists on the occurrence and concentrations of organic micropollutants in raw, potable, and waste waters (15, 16) , yet only about 3,000 manmade organic compounds have been identified out of a probable 60,000 (17) Fish studies. Because of their documented presence in the aquatic environment, the initial examination for estrogenicity was carried out by measuring direct binding of the chemicals to the fish estrogen receptor. This initial screening process was both rapid and economical and was carried out using a cytosolic extract from the liver of rainbow trout; it is well documented that estradiol receptor-binding sites are present here in both male and female fish (23) . Livers were removed from rainbow trout, To determine whether the estrogenic compounds stimulated transcriptional activity of the estrogen receptor directly, we examined their effects on transiently transfected MCF7 cells using the reporter plasmids pTKLUC and pERE-TKLUC. MCF7 cells were plated to 80% confluence in phenol red-free DMEM and 10% charcoal-stripped fetal calf serum and transfected using the calcium phosphate coprecipitation method, as previously described (24) . The reporter plasmid pTKLUC contains the herpes simplex virus thymidine kinase (TK) promoter from -105 to +55 inserted in the Bgl II site of the luciferase reporter plasmid pGL2-Basic (Promega). pERE-TKLUC contains a single copy of the vitellogenin A2 estrogen response element (ERE) inserted upstream of the TK promoter in pTKLUC. The transfected DNA included the reporter (0.8 pg) and an internal control plasmid (pJ7LacZ; 0.2 jig). After transfection, cells were maintained with no hormone, E2, OP, BBP, DBP, DEHP, BHA, or BHT at the concentrations indicated. After 24 hr, the cells were harvested, and extracts were assayed for luciferase (25) and 9-galactosidase (Galactolight, Tropix Inc, Bedford, Massachusetts) activities. We used 9-galactosidase to correct for differences in transfection efficiency. All experiments were carried out in duplicate and repeated at least twice.
We also examined the possibility that some of these chemicals might act as antagonists in the presence of 17f-estradiol. In these experiments, MCF7 cells were transfected with pERE-TKLUC and pJ7LacZ, and then incubated with 10-M 17f3-estradiol alone, simultaneously with DPB or BBP, or simultaneously with the antiestrogens 4-hydroxytamoxifen (4-OHT) or ICI 182780. Both the phthalates and the antiestrogens were added at the concentrations indicated. The (Fig. 1). Musk ketone, musk xylene, p-toluene, BHT, caffeine, cholesterol, p-hydroxybenzoic acid, p-tert butylbenzoic acid, 3,4-dimethylphenol, and 2-methylphenol did not impair binding of tritiated estradiol to the estradiol receptor (results not shown).
When the compounds were tested for their mitogenic effects on cell growth at 10-5 M, the three most potent were BBP, DBP, and BHA (Fig. 2) . Many of the other compounds were either inactive or only weakly active at concentrations in excess of 10-4 M. The growth responses to these chemicals were all less than the maximal responses shown by the natural estrogen 17f-estradiol and the environmental estrogen OP, which we have tested in this system previously (26) .
When tested for their ability to stimulate the transcriptional activity of the estrogen receptor directly (Fig. 3) , BBP stimulated transcription at concentrations in the range 10-6 to 10-4 M. DBP, and to a lesser extent BHA, also stimulated transcription at concentrations between 10-5 and 10-M (Fig. 3) . Two closely related compounds, DEHP (a phthalate) and BHT (an antioxidant), did not stimulate transcription to any appreciable degree until concentrations in excess of 10-M were reached. At these high concentrations, the response to these latter two chemicals was less than 15% of the maximum response obtained with estradiol (results not shown).
OP stimulated transcription of the reporter gene (LUC) to a similar extent as 17f3-estradiol (albeit at a concentration 1000-fold greater) and was used for comparison because it is a recognized environmental estrogen (26) . No ligand-dependent transactivation was detected with any of the compounds in transfections using the reporter plasmid pTKLUC, which lacks the consensus ERE (results not shown).
Of the 20 compounds initially tested (Table 1) , the action of the two most potent compounds (the phthalates) was compared with the action of two antiestrogens (4-OHT and ICI 182780). The compounds were tested for their ability to inhibit transcription of the reporter caused by the presence of 17g-estradiol at concentrations of 10-M (Fig. 4 ) and 10-8 M (data not shown). In view of the relative binding affinities of the phthalates for the receptor (Fig. 1) , the lower concentration of 179-estradiol used would allow competition by the compounds in binding to the receptor. In contrast to the two antiestrogens, which inhibited the response in a dose-dependent manner, DBP and BBP increased the transcriptional activity of the receptor in the presence of 10-11 M 17g-estradiol (Fig. 4) . BHA may bioconcentrate to a low degree in humans, although it is not certain whether the lack of full recovery of BHA from urine after ingestion is due to bioaccumulation of intact BHA or its metabolites or to unknown routes of biotransformation (28) . Although it is reported to be present in some sewage effluents, BHA is not as ubiquitous as its chemical cousin BHT, which was found to be even less estrogenic than BHA. In contrast, phthalates are the most abundant man-made chemicals in the environment (29) . They are produced industrially in large quantities, mainly to impart flexibility into plastics, and can leach out of these materials into water, soil, or food over time. BBP is also used in the production of vinyl floor tiles, adhesives, and synthetic leather; DBP is more common as a plasticizer in food-packaging materials, PVC, the cellulosics, and certain types of elastomers (30) (31) (32) Table 1 ). This initial screening process isolated a However, our results indicate that a com-,radation of chemicals present subset of chemicals that were likely to be prehensive survey of the estrogenic activiults in a wide range of prodable to bind to the estrogen receptor, but it ties (if any) of all commonly used phtha-)f which are unidentified.
was not possible to determine whether lates would be justified. The general popue products will be transient these chemicals were agonists or antagonation may be exposed to these compounds in the degradation process, nists. Using more specific tests, designed to via their diet, either from food contaminavill be more persistent. Thus, assess whether any of these chemicals were tion, or from food or drinks directly contaDw exactly what is in effluent, estrogenic , we showed that three of these minated by plastic wraps containing t with the task of testing only compounds had significant effects on phthalates, or from polluted drinking Ids that have been positively transactivation of the estrogen receptor and water (31, 34, 40 (30) , although at high concentrations, they are testicular toxicants. It has been suggested that the concentration of these compounds (particularly DBP) in the cellular fraction of sperm from adult men is negatively correlated with either sperm density or the total numbers of sperm (29) . Indeed, when administered to rats in high doses phthalates are embryofetal toxicants as well as testicular toxicants (44) (45) (46) (47) (48) Table 1 could induce full activation, at least at the concentrations used, the possibility that they may also be antiestrogenic was considered. Indeed, the potential for harmful effects of these chemicals on humans or animals will depend not only on their agonistic activity, but also on their potential to act as antagonists in the presence of other environmental estrogens and/or endogenous estrogens. Nothing is known about either the acute in vivo estrogenic effects or the possible chronic effects of phthalates on humans or wildlife if administered at low concentrations over long periods of time. Prior to this report, none of the chemicals we tested had ever been described as estrogenic. The fact that almost 50% of the compounds initially tested were found to inhibit the binding of tritiated estradiol to the fish estrogen receptor is provocative. More surprising is the fact that almost 30% of these "inhibitory" chemicals can have significant effects on transactivation of the receptor and breast cancer cell growth.
The possible implications of this scenario to man and wildlife will depend entirely on the estrogenic potencies of these chemicals in vivo; to a large extent this will depend on the processes of metabolic transformation and bioaccumulation. In addition, the effects of simultaneous exposure to a variety of estrogenic chemicals should be investigated. Since all of the estrogenic chemicals discovered to date are lipophilic, they probably co-exist in fat and body fluids of exposed individuals. Much of the current literature suggests that environmental estrogens may act cumulatively and that measuring the total estrogenic burden due to environmental contaminants may have more relevance than assessing exposure by measuring levels of individual estrogens alone (60, 61) . Estrogenresponsive sites such as the reproductive tract or neuroendocrine centers are highly sensitive and hence it is possible that exposure to many weakly active compounds either persistently at low concentrations, or acutely in high concentrations, may alter the natural hormonal balance.
In conclusion, we have discovered that a surprisingly large proportion of environmentally persistent chemicals are weakly estrogenic and thus have introduced the possibility that there may be hundreds, or even thousands, of chemicals in the environment which possess some estrogenic activity. Although the chemicals we tested possess some common structural features (such as a benzene ring), there is no obvious part of their molecular structure that might be expected to enable binding to the estrogen receptor, and hence one cannot easily deduce which chemicals are and which are not estrogenic. Aquatic organisms are probably exposed to these weakly estrogenic chemicals largely, if not exclusively, via water. However, terrestrial animals (including humans) are probably exposed via many routes. The concentrations required to induce effects in vivo are essentially unknown, particularly when an organism is exposed simultaneously to a cocktail of estrogenic chemicals. Even if the combined effect of exposure to a number of chemicals is additive, there is no evidence to suggest that the total concentration of estrogenic chemicals in humans or animals is high enough to cause any effects on estrogen-responsive tissues. However, no studies have been carried out to examine this possibility.
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